Background and aims Permafrost degradation has the potential to change the Arctic tundra landscape. We observed rapid local thawing of ice-rich permafrost resulting in thaw pond formation, which was triggered by removal of the shrub cover in a field experiment. This study aimed to examine the rate of permafrost thaw and the initial vegetation succession after the permafrost collapse.
acceleration of greenhouse gas release (IPCC 2013; Tarnocai et al. 2009 ) and shifts in vegetation composition (Chapin and Shaver 1996; Elmendorf et al. 2012; Fraser et al. 2014; Jia et al. 2009; Tape et al. 2006) . One of the most striking changes in vegetation composition is the extensive shrub expansion that has been observed in many parts of the Arctic (Myers-Smith et al. 2011) . Along the Arctic tree line, tree and shrub expansion seem to be higher in upland tundra landscapes than in lowland tundra (Frost and Epstein 2014) .
Permafrost thawing is often represented as a gradual thawing (e.g. Schaefer et al. 2011) . However, thawing can be abrupt at the local scale, resulting in permafrost degradation features such as ice wedge troughs, thaw slumps, thaw ponds and ultimately thaw lakes (Schuur et al. 2015) . When the permafrost is ice-rich, increased thawing in summer can result in melting of ice in the top of the permafrost, causing surface subsidence and the creation of depressions with standing water. Occurrence of ice wedge degradation and increasing numbers of thaw ponds or thermokarst pits have been reported for Siberian, Alaskan and Canadian Arctic tundra sites (Beck et al. 2015; Jorgenson and Grosse 2016; Jorgenson et al. 2010; Liljedahl et al. 2016; Schuur et al. 2015) . Increased small-scale permafrost degradation has consequences for the hydrology of the landscape and the emission of greenhouse gases (van Huissteden and Dolman 2012) .
Thaw ponds are prominent features at our study site in Siberian lowland tundra, and their number has doubled between the 1970s and 2010 based on a comparison of satellite images (van Huissteden, unpublished data) . The ice content in the top layer of the permafrost underlying this region can reach as high as 80% by volume (Iwahana et al. 2014; Kanevskiy et al. 2013) , making the permafrost highly susceptible to thaw subsidence under climate warming. The melting of ice in the top layer of permafrost can lead to soil subsidence and ponding of water. The depressions evolving from soil subsidence effectively trap snow and water which contribute to further thawing and thaw pond formation (Nauta et al. 2015) . Little is known about what triggered the local abrupt thaw, how these thaw ponds have developed over time and how vegetation succession and recovery eventually takes place.
To examine the impact of vegetation change on seasonal thawing of permafrost, we set up a Betula nana L. shrub removal experiment at a northeast Siberian tundra site (Blok et al. 2010) . After an initial increase in thaw depth resulting from the removal of the B. nana dwarf shrub cover (first phase), we observed local permafrost collapse and soil subsidence by the 5th year (second phase). The soil subsidence in the removal treatment, resulted in ponding of water that shifted the removal plots from a net sink into a source of methane (Nauta et al. 2015) . This study reports on the third phase in which the thawing is slowing down, but the vegetation composition is still changing in response to the ponding of water in the subsiding removal plots. To provide a broader context for our results in the experiment, we compared the vegetation development in our experiment plots with the vegetation composition in natural thaw ponds, in which the small-scale permafrost collapse had unlikely been caused by human disturbance.
The goal of this study was to gain insight into further thaw pond development and into the initial stage of vegetation succession after abrupt permafrost thaw by examining the changes in thaw depth, soil subsidence and vegetation composition in the B. nana removal experiment over a period of 9 years. We hypothesized that after 2012 1) soil subsidence continued in the B. nana removal plots, 2) vegetation composition shifted further, and 3) became more similar to the vegetation of the natural thaw ponds occurring in the same drained thaw lake basin as the experimental plots.
Materials and methods

Site description
The research site is part of the Chokurdakh Scientific Tundra Station, located in the Kytalyk Nature Reserve in the lowlands of the Indigirka River, Sakha Republic, Russian Federation (70°49′45″ N, 147°28′ 47″ E; Fig. 1 ). The study area consists of poorlydrained lowland tundra and is characterized by thick continuous permafrost with a shallow active layer on top. Ice-rich Yedoma deposits and drained lake basins are abundant in the thermokarst-affected landscape in the lowland regions in eastern Siberia (Olefeldt et al. 2016) . At locations close to our study site, ice contents of 40-95% by volume have been measured (Iwahana et al. 2014 ). The field experiment was set up in a drained thaw lake basin. The microtopography within the basin consists mostly of elevated shrub patches dominated by B. nana (dwarf birch) shrubs surrounded by a diffuse drainage network of wet depressions dominated by the graminoid species Eriophorum angustifolium Honck. Ice-wedge low-center polygons are abundant in the wetter part of the drained lake basin, many of the polygons are in a degraded stage (Fig. 1 , Teltewskoi et al. 2016) . Both the experiment plots and natural thaw ponds are located on irregular frost mounds dominated by B. nana (Siewert et al. 2015) .
The vegetation of the research area is classified as tussock-sedge tundra, dominated by Eriophorum spp. sedges and deciduous shrubs like Betula nana and moss (G4), in the Circumpolar Arctic Vegetation Map (Walker et al. 2005) . B. nana is dominant on slightly elevated shrub patches, while Sphagnum mosses and Eriophorum sedges are the most common plant types in waterlogged depressions surrounding the shrub patches and in thaw ponds. The research site is in the Low Arctic climate zone with Chokurdakh (WMO station 21,946) mean annual air temperature of −13. 4°C (1981-2010) and mean annual precipitation of 196 mm ). An extensive site description can be found in Nauta et al. (2015) . Fig. 1 Location of the Kytalyk study site near the town of Chokurdakh, Sakha Republic (Yakutia), Russian Federation (white star in map of Russia). The satellite image (GeoEye) shows part of the drained thaw lake basin, with the location of the experiment plots (left oval) close to the margin of the lake basin and the natural thaw ponds (smaller right oval). Inbetween the experiment plots and the natural thaw ponds is a wetter area with ice-wedge polygons, many of them in a degraded stage. The lower left corner is a Pleistocene Yedoma remnant surface. The river is the Berelekh River which contributes to the Indigirka River. Grey colour is (dwarf) shrub vegetation; white colour is Sphagnum moss carpets and green colour is sedge vegetation within the drained lake basin Removal experiment and natural thaw ponds The Betula removal experiment was set up in the summer of 2007. For this experiment, 10 dwarf-shrub plots (5 pairs) were selected in the former bed of a thermokarst lake. In each plot pair, one was the control plot and the other the removal plot. B. nana was the dominant species in all plots. In July 2007 the aboveground biomass of B. nana in the 10-m diameter removal plots was clipped manually by using branch clippers. Resprouted B. nana shoots (from belowground coarse roots) were clipped again in the summer of 2010 and 2013. In 2013, we selected four 'natural' thaw ponds with similar size in the same drained thaw lake basin, for comparison with the subsided B. nana removal plots. The word Bnatural^is used here to indicate the contrast with the developing thaw ponds in the experiment. We do not know the mechanism that triggered the abrupt permafrost thaw in the studied thaw ponds, but we presume that human-induced vegetation disturbance was unlikely.
Thaw depth and surface elevation
We measured the thaw depth of each plot in the B. nana removal experiment in late July of each year. Thaw depth was measured from the top of the moss/litter/ bare-soil surface to the top of the permafrost at nine points within each plot using a bluntly tipped steel probe. We compared the thaw depth of the control plots and the removal plots using RM-ANOVA with year as repeated factor within plots. ALT differences between the control plots and the removal plots in specific years were analyzed using one-way ANOVA tests.
The relative surface elevation of each plot was measured in 2015 using an optical levelling instrument (Kompensator-Nivellier NI 025, Jena, Germany). and compared to the measurements in 2012, published in Nauta et al. (2015) . Surface elevation was measured along two transects perpendicular to each other, extending four meter beyond the plot borders. We followed the same procedures and steps that were made in the preceding years, guaranteeing that the data series were comparable, although the measurements had not been done at exactly the same spots within the transects. Each transect had 19 evenly distributed spots every 1 m: eleven spots within the 10-m diameter plot, and eight spots outside the plot area (4 spots per side). To calculate the relative elevation within the plot, we used the mean elevation of the 16 spots just outside the plot as the 0-m reference, assuming the elevation of these spots had changed little between 2012 and 2015. In this way, we transformed the original elevation data into the relative elevation data series that could be used to compare the treatments. We used linear mixed models to test for changes in relative elevation between 2012 and 2015 in the control and removal plots. In SPSS, plot was treated as the subject, with year and distance to plot center repeated within plot, and treatment (control, removal), year (2012, 2015) and distance to plot center (0 to 5 m) were the fixed factors. RM-ANOVA tests were used for comparing the elevations of each plot in 2012 and 2015.
Vegetation composition
The point quadrat method was used to measure the vegetation composition of each plot annually in midJuly. We assessed the cover of vascular plant species and moss and lichen groups of each plot by recording the presence at 169 evenly distributed points (13 × 13 matrix) covering 10 × 10 m. We vertically lowered a thin metal pin and recorded all the plant species that the pin touched while it was brought down at each point, with a maximum of one hit per species per point. As the B. nana aboveground biomass was removed in circular 10-m diameter plots, we only used the records inside the 10-m diameter plot for the analysis of vegetation changes over time in the control and removal plots. The cover of each plant species/group was defined as the number of times this plant species/group was recorded per plot divided by the total number of points within the 10-m diameter plot, resulting in plant species/type cover values between 0% and 100%. The same method was used for measuring the vegetation composition in the natural thaw ponds in mid-July of 2013. The vegetation composition was measured before the B. nana removal treatment in the removal plots in 2007 and 2010 but after the treatment in 2013.
To illustrate the changes in vegetation composition over time, we made mosaic-like vegetation maps using Bggplot2^ (Wickham 2016) , Bgrid^ (Murrell 2003) , BRcolorbrewer^ (Neuwirth 2014) and Bscale ( Wickham 2012) packages from the R Project for Statistical Computing. The top species hit at each point from 2007, 2009, 2011, 2013 and 2015 was used for the vegetation maps. We categorized the plant species into 14 groups with unique colors (B. nana, Salix spp., other shrub, grass, sedge, forbs, lichen, non-Sphagnum moss, Sphagnum, water/mud (bare soil) surface, shrub litter, grass litter, sedge litter). The Bother shrub^group included Ledum palustre ssp. decumbens (Ait.) Hult., Rubus chamaemorus L., Vaccinium uliginosum L., and Vaccinium vitis-idaea L.. The main grass species were Arctagrostis latifolia (R.Br.) Griseb and Calamagrostis holmii Lange. The Bsedge^group included Eriophorum angustifolium Honck., Eriophorum vaginatum L., and Carex aquatilis var. minor Boott.
We compared the cover of each plant group in the control and the removal plots over the entire time series and annually using Repeated Measures ANOVA (RM-ANOVA) and one-way ANOVA tests, respectively, in SPSS software (IBM SPSS Statistics for Windows, ver. 22.0; IBM Corp., Armonk, NY, USA). The normal distribution of each variable was examined before this test and the tests mentioned later. All data series whose residuals were not normally distributed were logtransformed and their residuals were normalized.
To visualize the vegetation shift in the two plot types between 2007 and 2015 and the similarity with the natural thaw ponds, we used Detrended Correspondence Analysis in CANOCO (canonical community ordination) software (version 4.5, Microcomputer Power, NY, USA). The same plant groups used in the vegetation maps were also implemented here. We calculated the average cover of each plant group in the control and the removal plots for each year and used the annual average coverages in CANOCO for the ordination scores. We used CanoDraw software (Part of CANOCO) for the final DCA figure. We included the plant group cover data of the four natural thaw ponds (measured in 2013) in the DCA figure for comparison with the removal plots. Finally, we made a dendrogram figure to explore the similarity in vegetation composition of the individual plots, 10 experiment plots and 4 natural thaw ponds, based on correspondence analysis using the vegetation composition of the plots (in SPSS software). The point quadrat data measured in 2013 were used in this test.
Results
Abiotic changes in the Betula nana removal experiment
The soil subsidence in the removal plots continued after 2012, resulting in further thaw pond development (Fig.  2) . Surface elevation changes between 2012 and 2015 depended on the removal treatment (treatment × year interaction: F 1,118 = 4.68, p = 0.033). The removal plots had experienced significant elevation changes between 2012 and 2015 (control plots: F 1,58 = 26.20, p = 0.081; removal plots: F 1,58 = 13. 10, p = 0.001, Fig. 3 , Appendix Figure 9 ). The subsidence between 2012 and 2015 of the removal plots was significantly larger than that of the control plots (removal plots: 7.6 ± 1.3 cm; control plots: 2.3 ± 0.6 cm; F 1,8 = 26.35, p < 0.001). In the removal plots, distance from plot center significantly affected the elevation changes (control plots: F 5,54 = 3.20, p = 0.844; removal plots: F 5,54 = 4.31, p = 0.011). The subsidence progressively increased from the margins to the centers of the removal plots (slope = 1.5 cm m −1 , R 2 = 0.93). In all eight years after the initial removal of the B. nana cover, the late-July thaw depth in the removal plots was significantly deeper than in the control plots ( , R 2 = 0.95). Similarly, the difference in thaw depth between control and removal plots did not increase further after 2012 (Fig. 4) .
As a result of soil subsidence and increased thaw depth in the removal plots relative to the control plots, the permafrost table was lowered by 30 cm on average over 8 years in the removal plots (Fig. 5) . However, after 2012 the permafrost thawing rate strongly declined from 5.4 cm y Vegetation shifts in the Betula nana removal experiment
The vegetation composition in the removal plots continued to change in the period 2012-2015, whereas the vegetation composition in the control plots was rather stable with a high cover of B. nana (Fig. 6,  table S1 ). The clipping of B. nana dwarf shrubs drastically reduced its cover in the removal plots, as intended, from 78% ± 6% in 2007 to 13% ± 1% in 2015 (Fig. 6 ). During this process, the regrowth of B. nana in the removal plots was substantial in 2009 and 2010 but the B. nana cover became increasingly smaller after the removal of regrowth in 2010 and 2013 (Fig. 6) . The grass cover strongly increased from 2009, reaching a peak in 2011 (55% ± 6%), but declined thereafter and dropped back to 23% ± 6% in 2015. The removal of B. nana also changed the cover of sedges and mud/water significantly, related to the soil subsidence which created wet depressions/ponds. The groups mud/water and sedges were present in the removal plots since 2011, and both reached around 20% cover in 2015 ( Fig. 6 ; mud/water: 22% ± 12%, sedge: 20% ± 5%).
The mosaic-like vegetation maps illustrate the changes in species composition in the five removal plots over the years (Fig. 7) . In all five removal plots the canopy was dominated by B. nana shrubs before the B. nana removal. With the decrease of B. nana, initially the grasses strongly increased in cover, becoming the most common plant type in all five removal plots in 2011 The control plot has not changed, whereas this removal plot has turned into a thaw pond. The yellow circle indicates the area of the 10-m diameter plot (Fig. 7) . Sedges first appeared along the margin of removal plot 3 in 2009 and became the most common plant group in the canopy in removal plot 2 (23%) and 3 (31%) in 2015, while the sedge cover in the other three plots varied between 10% and 15% (Fig. 7) . Moreover, 41% of the area of removal plot 5 was bare mud or water in 2015. In the natural thaw ponds, sedge was the dominant plant group, accompanied by some Sphagnum moss in pond 3 and 4, while B. nana was dominant just outside the pond (Fig. 7) .
Comparison of removal plots with natural thaw ponds
The vegetation composition of the control plots did not change much over the years of study. In contrast, the removal plots had experienced a large vegetation shift, from B. nana dominated plots in 2007 before the removal treatment to plots characterized by grasses and Salix shrubs in 2013 (Fig. 8) . The cover of sedges and mud/water increased as well, indicating that the removal plots became more similar to the The grey line indicates the lowering of the permafrost table, calculated as the sum of soil subsidence and the increase in thaw depth (ALT, measured relative to the soil surface) due to the removal treatment natural thaw ponds, which were characterized by sedges, Sphagnum and exposed mud and water surfaces. Thaw ponds 1 and 4 seemed more similar to the removal plots, compared to the other two thaw ponds. The dendrogram providing the relationships of the vegetation compositions of the individual control, removal and natural thaw pond plots in 2013, shows that the control plots were clearly separated from the removal plots and thaw ponds (Appendix Figure 10 ).
Discussion
After 2012, the differences in thaw depth between the control and removal plots stabilized. However, as thaw depth is measured relative to the ground surface, the further soil subsidence after 2012 implied that the permafrost thaw in the removal plots had continued, although at a much slower pace. The increased area of standing water and exposed mud confirmed further subsidence and increasing wetness in the removal plots. Nauta et al. (2015) argued that a positive feedback loop between thawing and the increasing water area developed in the removal plots. Water is trapped in the depressions, and the pooling of water accelerated local thawing, due to the strong reduction in albedo when green or brown vegetation is replaced by the dark water surface. The collapsed concave plots also trap more insulating snow in winter, accelerating the positive feedback between permafrost thaw and soil subsidence (Nauta et al. 2015) .
The vegetation composition of the removal plots shifted between 2007 and 2015 in response to the removal of B. nana and increasing wetness, while the vegetation composition in the control plots was rather stable. The grass plant group replaced B. nana shrubs and became the most common species in 2011 but decreased afterwards. The removal of the aboveground biomass of the highly dominant B. nana probably increased light and nutrient availability for the other species that were already present.
In general, soil nutrient limitation, especially of phosphorus and nitrogen, markedly suppresses the growth and the reproduction of plants in the Arctic tundra (Dormann and Woodin 2002; Shaver et al. 1998 ). Several nutrient addition experiments (Robinson et al. 1995; Shaver and Chapin 1986 ) in the Arctic tundra have shown that compared with other plant types, grasses could benefit most from extra soil nutrients (nitrogen and phosphorus). The biomass of the grasses, which was low in the unfertilized plots, increased more than 15-fold in fertilized plots of these experiments. The fast increase of A. latifolia, can probably be attributed to its good ability to acquire newly available nutrients by adjusting its vertical distribution of fine roots to soil depths where the newly available nutrients are (Wang et al. 2017) .
In comparison to dwarf shrubs like B. nana and V. vitis-idaea, grasses and sedges have deeper roots (Miller et al. 1982; Shaver and Cutler 1979; Wang et al. 2016) , and thus have better opportunities to reach the nutrients in the newly thawed deep soil (Oulehle et al. 2016) . Low shrub canopies in tundra reduce local permafrost thawing during the growing season, maintaining shallower thaw depths than the areas dominated by other plant types (Blok et al. 2010; Wang et al. 2016) . The deeper thaw depths in the removal plots imply that nutrient availability for roots growing in the deep soil has probably been higher in the removal plots. In our study, the cover of the grasses in the removal plots, which was initially below 20%, reached over 50% in the 5th year after the start of the experiment. Thus, the grass A. latifolia proved to be a fast responder to rapidly changing soil conditions in the removal plots, which is similar to its response in a deep soil heating and fertilization experiment at the Kytalyk site (Wang et al. 2017 ). This grass species might be an indicator of recent abrupt thawing of the permafrost. A. latifolia has earlier been identified as a species that responds to disturbances (Kemper and Macdonald 2009) .
Subsequently, the rapid rise in soil moisture content and the increased area of standing water in the removal plots probably enabled the establishment and growth of sedges, mainly E. angustifolium, led to a decrease in grasses, and prevented the re-growth of the B. nana shrubs in the removal plots simultaneously. The exceptionally high water/mud cover in 2011 in the removal plots (Fig. 6) probably resulted from the high summer rainfall (158 mm in JuneAugust), which was almost twice as high as the mean summer rainfall (84 mm) between 2008 and 2015. In tundra, E. angustifolium sedges and B. nana shrubs occupy areas with distinctively different soil moisture conditions. E. angustifolium prefers the low-lying waterlogged areas, while B. nana favors the elevated, well-drained hummocks (Bliss 1956 ). The extremely high soil moisture might have killed the surviving belowground stems of B. nana shrubs in the removal plots, stopping the regrowth of B. nana consequently (Fig. 6 ). E. angustifolium was not present in the plots at the start of the experiment, but was abundant in nearby depressions surrounding the slightly elevated B. nana shrub patches, and perhaps needed some time to get established in the wet parts of the removal plots. It is not clear why A. latifolia in the removal plots is on the decline in the recent years (Fig. 6) . Probably, it cannot tolerate the increasingly permanently water-saturated conditions in the developing thaw ponds and is subsequently being replaced by E. angustifolium. This species is known to withstand anaerobic conditions due to its aerenchymous tissues which conduct oxygen from the atmosphere to the anaerobic root zone. Ponding water has been consistently observed in the removal plots since 2011, so we expected the sedge E. angustifolium to become more common in the removal plots.
The direction of the vegetation shifts was similar in all five removal plots, although the pace of the shifts differed. We suggest that the differences in present vegetation composition among the removal plots are mainly the consequence of the different substrate conditions. The ice content of the permafrost underlying lowland tundra often reaches as high as 80% by volume in the top of the permafrost (Ping et al. 2013 ). Near our study site, the ice content in permafrost was on average 75% by volume (Iwahana et al. 2014) . Nevertheless, the ice content in the ice-rich permafrost is not evenly distributed. The permafrost with higher ice content collapses more rapidly, as the melting of the ice drives the soil subsidence. Accordingly, the removal plots with higher ice contents in permafrost may have subsided more, resulting in higher soil moisture contents in the new depressions. As tundra plants are usually sensitive to changes in soil moisture related to changes in relative surface height resulting from small-scale permafrost degradation, different soil moisture levels largely determined the variation in plant species composition of the different removal plots (Bliss 1956; de Klerk et al. 2014; Jorgenson et al. 2006; Wolter et al. 2016) .
Although the removal plots are still different in comparison to the natural thaw ponds, it is clear that they resemble more and more thaw ponds 1 and 4, due to increasing sedge cover and an increased area of mud and water in the removal plots. However, Sphagnum cover in the removal plots is still very low compared to the thaw ponds. Perhaps these mosses represent a later succession stage, or need more time to establish, as they are not very abundant in the direct surroundings of the removal plots. We do not know how old the studied natural thaw ponds are. However, they were present in 2010 (visible on GeoEye very high-resolution satellite image). It is well possible that they have undergone the same vegetation succession trajectory of fast grass expansion at the start of thawing and soil subsidence, followed by ponding of water, B. nana mortality from drowning, and sedge establishment. In the natural thaw ponds, the grass is still present inbetween the open water with drowned shrubs and the living B. nana vegetation (Fig. 7) . The natural thaw ponds were also characterized by the presence of Sphagnum moss. Sphagnum is known as an ecosystem engineer creating environmental conditions which halt the expansion of sedges (Heijmans et al. 2002) . The moist Sphagnum moss carpet may provide conditions for germination and re-establishment of B. nana shrubs (personal observation). The sequence of permafrost degradation and initial vegetation succession in thaw ponds observed in this study is generally in line with the stages of ice-wedge degradation and stabilization described in Jorgenson et al. (2006 Jorgenson et al. ( , 2015a . However, the rapidity of the changes seems to be higher in our study. This could be related to limited soil subsidence in some of the removal plots (Appendix Figure 9) , probably linked to lower ice contents. Secondly, the relatively warm summer climate in the extreme continental climate of northeastern Siberia may accelerate the vegetation succession.
Two of the natural thaw pondsare isolated thaw ponds within a shrub patch, whereas the other two thaw ponds are located along the margin of a shrub patch where the permafrost is in contact with flowing water in the adjacent drainage depression. For the isolated thaw ponds it is unknown what caused the abrupt permafrost thaw. The experiment has shown that disturbance of the vegetation can trigger increased thawing initiating a positive feedback loop of soil subsidence, trapping of snow and reduced albedo due to pooling leading to further thawing and thaw pond development (Nauta et al. 2015) . Climate warming, flooding and human activities have also been suggested as possible triggers for abrupt thaw (Nauta et al. 2015; Schuur et al. 2015) . In the control plots of the removal experiment the thaw depth was deepest in 2011 which was a very wet and also warm summer (Nauta et al. 2015) . 2011 was also the year in which the ponding of water in the removal experiment started (Fig. 6) , although the removal of B. nana regrowth in 2010 may have contributed to further thawing and soil subsidence as well. Predicted future warmer and wetter conditions could more often trigger abrupt thawing at ice-rich permafrost locations which are not sufficiently protected by the vegetation cover (Shur and Jorgenson 2007) .
Thaw ponds emit both CO 2 and the strong greenhouse gas methane, whereas shrub vegetation acts as a sink for both greenhouse gases (Nauta et al. 2015; van Huissteden et al. 2005) . However, vegetation succession in thaw ponds will probably result in renewal of the CO 2 sink when wet sedge vegetation has developed, which may compensate for the high methane emission (van Huissteden and Dolman 2012) . This study has contributed new knowledge about the trajectory of thaw pond development and the initial stage of vegetation recovery, which is needed for an assessment of the impact of abrupt permafrost thaw on greenhouse gas emissions. While our research is focusing on north-eastern Siberian tundra, the lowland tundra ecosystem has a wide circumpolar distribution covering most of the coastal plains of the Eurasian and American continents (de Klerk et al. 2014) . This tundra zone is considered at high risk of thaw subsidence (Nelson et al. 2001 ). There are many observations of recent thermokarst, the thawing of ice-rich permafrost causing soil subsidence, redistribution of water and changes in vegetation composition in lowland tundra areas in Alaska (Jorgenson et al. 2006 Jones et al. 2015) , western Canada (Wolter et al. 2016) , and eastern Siberia (Fedorov et al. 2014 , Liljedahl et al. 2016 , Teltewskoi et al. 2016 , indicating that abrupt permafrost thaw is widespread. In lowlands, the soil subsidence results in new open water features such as ice wedge troughs, thermokarst pits or thaw ponds in which the pre-existing dwarf shrub vegetation drowns. Although other studies mostly report on ice-wedge degradation, the coupling between relative height, soil moisture conditions and vegetation composition, reported by Jorgenson et al. (2006 , de Klerk et al. (2014) and Wolter et al. (2016) , is the same in our (developing) thaw ponds. At other sites, the trajectory might be slower and with other plant species, but the processes of permafrost degradation and stabilization are similar (Jorgenson et al. 2006 .
The coastal lowlands of eastern Siberia are known to have abundant thermokarst landforms (Olefeldt et al. 2016) and are classified as highly vulnerable to climate change (Nelson et al. 2001 ), yet are underreported in English-language scientific literature (Olefeldt et al. 2016 ). Our observations on permafrost and vegetation dynamics conducted at a north-eastern Siberian tundra site with a relatively warm summer climate could be relevant to assess future landscape changes in currently colder tundra areas as well.
Conclusion
The nine years of field observations in a unique B. nana shrub removal experiment at a Siberian tundra site illustrated on-going permafrost thaw, albeit at a much slower pace in recent years, and new vegetation changes after 2012. The grass species A. latifolia appeared a fast responder to the abruptly changed light, nutrient and thaw depth conditions caused by the removal treatment, but since 2012 the grass cover is declining. Permanent ponding of water in the subsiding removal plots, resulted in establishment of the sedge species E. angustifolium, which is gradually replacing the grass. The vegetation in the removal plots in the seventh year of the experiment was still different compared to the natural thaw ponds at the same study site, particularly in terms of sedge and Sphagnum cover. However, with the increasing sedge and open water cover the removal plots were becoming increasingly similar to the natural thaw ponds in the recent years. Our well-documented observations in the experiment may represent a trajectory of thaw pond development and the initial stage of vegetation recovery in lowland tundra, which is essential knowledge for an assessment of future landscape changes and the impacts of abrupt permafrost thaw on CO 2 and methane emission.
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